Many of the mechanisms that govern the patterning of the Drosophila neuroectoderm and mesoderm are still unknown. Here we report the sequence, expression, and regulation of the homeobox gene msh, which is likely to play an important role in the early patteming events of these two tissue primordia. msh expression is first observed in late blastoderm embryos and occurs in longitudinal bands of cells that are fated to become lateral neuroectoderm. This expression is under the control of dorsoventral axis-determination genes and depends on dpp-mediated repression in the dorsal half of the embryo and onflb-(EGF-) mediated repression ventrally. The bands of msh expression define the cells that will form the lateral cohunns of proneural gene expression and give rise to the lateral row of SI neuroblasts. This suggests that msh may be one of the upstream regulators of the achaete-scute (AS-C) genes and may play a role that is analogous to that of the homeobox gene vndMK2 in the medial sector of the neuroectoderm. During neuroblast segregation, msh expression is maintained in a subset of neuroblasts, indicating that msh, like vndMK2, could function in both dorsoventral patterning of the neuroectoderm and neuroblast specification. The later phase of msh expression that occurs after the first wave of neuroblast segregation in defined ectodermal and mesodermal clusters of cells points to similar roles of msh in patterning and cell fate specification of the peripheral nervous system, dorsal musculature, and the fat body. A comparison of the expression patterns of the vertebrate homologs of msh, vndlNK2, and AS-C genes reveals striking similarities in dorsoventral patterning of the Drosophila and vertebrate neuroectoderm and indicates that genetic circuitries in neural patterning are evolutionarily conserved.
Introduction
The segregation of individual precursors from a larger group of cells that possess equivalent developmental potentials is a recurrent event during determination of cell fates. Neurogenesis of the central and peripheral nervous system (CNS/PNS) in Drosophila is probably the best studied developmental process that utilizes this principle. One of the earliest events in this process is the formation of proneural cell clusters that arise in a stereotyped pattern in the neuroectoderm of the embryo. In a process that involves lateral inhibition, individual neuroblasts segregate from each of these preclusters, while other cells remain uncommitted in the surface ectoderm (for reviews, see Campos-Ortega, 1993; Ghysen et al., 1993) . Lateral inhibition depends on cell-cell signaling within the proneural clusters and requires the function of the transmembrane protein Delta on the signaling side and Notch on the receiving side of neighboring cells (reviewed in Artavanis- Tsakonas et al., 1995; Muskavitch, 1995) . The proneural clusters are characterized by the expression of genes encoding bHLH transcription factors; the proneural genes of the Achaete-Scute complex (AS-C), which play a stimulating role in neuroblast segregation, and the E(spl) genes, which function antagonistically in this process (Villares and Cabrera, 1987; Kl5mbt et al., 1989; Delidakis and Artavanis-Tsakonas, 1992 ). It appears that Azpiazu and Frasch (1993) .
After segregation of the SI neuroblasts, a new pattern of msh expression begins to emerge. During stage 10, a pattern of faint stripes (Fig. 3D) gives rise to three mshstained cell groups per segment which are arranged in a zigzag pattern (Fig. 3E) . Based on the location of the more ventral and intermediate columns of cell clusters in the neuroectodermal region, the elongated cell morphologies (Fig. 4D, bottom) , and the subsequent appearance of stained neuroblasts in these areas, we believe that these groups include proneural clusters that give rise to the second and perhaps third wave (SII and SIII) of segregating neuroblasts (Hartenstein et al., 1985; Doe, 1992) . Clearly, msh expression covers only a subset of proneural clusters that form at this stage and, for example, does not include proneural clusters in the ventralmost portion of the neuroectoderm.
The more dorsal ectodermal patches of msh-expressing cells overlap with several cell clusters that express UC and generate sensory mother cells of the PNS (including SMCI and 2: data not shown; Ghysen and O'Kane, 1989; Ruiz-Gomez and Ghysen, 1993) . In addition, we observe a single, subepidermal cell per segment in between these patches that is not preceded by ectodermal, msh-stained preclusters (Figs. 3E and 4D, top). Since these cells, which co-express the neuronal marker Snail (data not shown), are clearly separated from the CNS neuroblasts, it is likely that they correspond to sensory organ precursors as well. At stage 11, larger ectodermal clusters appear near the positions of the ventral and intermediate cell groups from stage 10 embryos and, together with the dorsal patches, form a checker board type of pattern (Figs. 3F and 5E) . The appearance of large, msh-stained subepidermal cells at similar positions (Fig. 4E) again indicates that the ventral and intermediate clusters in the ectoderm may include proneural clusters for the remaining two waves of neuroblast segregation, SIV and SV.
During early germ band retraction, the ventral and intermediate clusters gradually disappear, first from the abdominal and then also from the thoracic segments (Fig.  5E ). The more dorsally located ectodermal patches of cells continue expression until stage 13 ( Fig 3E) and appear to include cells of the chordotonal organs and epidermal cells that cover these sensory organs (Fig. 4G,H) . After stage 13, msh expression is observed only in stereotypically arranged cells of the ventral nerve cord, brain, and sensory organs at the anterior and posterior end of the embryo (Fig. 31) . A similar pattern of expression persists in the CNS until larval stages (data not shown).
There are three additional sites of msh expression in the embryonic ectoderm. Cells that start msh expression at the anterior tip of stage 9 embryos will give rise to stomatogastric neurons (see below). The anteriormost stripe from blastoderm embryos evolves into a patch in the head region of stage 9-l 1 embryos ( Fig. 3D-F) . Procephalic neuroblasts that develop into the brain and optic lobes are derived from the same area (Hartenstein et al., 1985) . Finally, ectodermal expression occurs in the salivary gland placodes prior to and during invagination of these glands (Figs. 3F and 5E).
msh expression prefigures invagination centers of the stomatogastric nervous system
Following stage 9, msh is expressed within the anlage of the stomatogastric nervous system (SNS), which comes to lie at the roof of the stomodeum (Fig. 6A) (Hartenstein et al., 1996) . Whereas achaete is expressed in all cells of the SNS anlage, msh expression is restricted to the posterior two-thirds ( Fig. 6B) (Gonzalez-Gait&r and Jackie, 1995; Hartenstein et al., 1996) . Indeed, of the three invaginations that form the SNS anlage, only the cells of the intermediate and posterior invagination centers express msh ( Fig. 6D,E) . msh continues to be expressed until stage 14 in the neuroblasts and neurons of the esophageal and the proventricular ganglia that are derived from these two invaginations (Fig. 6F , and data not shown), Interestingly, in embryos mutant for wingless which form only one, rather than three, invaginations (Gonzalez-Gaitan and Jlckle, 1995) msh expression is absent in the SNS anlage (Fig. 6C) . of Development 58 (1996) (Fig. 4E) . The mesoderm still consists of a monolayer of cells at this stage. Double stainings with Even-skipped antibodies show that the dorsal msh-expressing clusters are in the same segmental register as the Eve-stained pericardial heart precursors. However, expression does not include the heart precursors, which are located at the dorsal crest of the mesoderm (Fig. 4E,F) . Rather, the mshexpressing cells in the dorsal mesoderm give rise to dorsal body wall muscles that will express even-skipped at later stages (Figs. 3G and 4F,H, and unpublished data) . This group of cells appears to encompass one or several of the dorsal muscle preclusters that were identified based upon their expression of the proneural gene lethal of scute (1's~; Carmena et al., 1995) .
The more ventrally located segmental groups of mesodermal cells that express msh from stage 11 onwards (Fig.  4E,F) give rise to the fat body, and thus msh appears to be one of the earliest markers for fat body precursors (Hoshizaki et al., 1994) . At late stage 11, these cells move in between the visceral and the somatic mesoderm (Fig.  4F) . The developing fat body continues to express msh until stage 13, although transcripts start disappearing earlier from its middle region (Fig. 3H ).
msh is regulated by dorsoventral patterning genes in early embryos
Since msh is unique in its expression in the prospective lateral neuroectoderm, we examined how this pattern is spatially regulated. It was shown previously that faint little ball Cjlb), which encodes a Drosophila EGF-receptor homolog, is required to establish cell fates in the ventral neuroectoderm (Raz and Shilo, 1993; Schweitzer et al., 1995) . In mutants forflb, the early msh domains expand ventrally and their ventral margins become graded rather than forming a sharp border (Fig. 7A,B ). This result indicates that one aspect of the ventralizing function ofJlb is the repression of laterally expressed genes such as msh, which occurs as early as stage 6.
Dpp, a Drosophila homolog of the bone morphogenetic proteins (BMPs), is a key factor that is involved in specification of dorsal cell fates in the early embryo (Ray et al., 1991; Ferguson and Anderson, 1992a; Wharton et al., 1993) . In dpp mutant embryos, msh expression expands dorsally and extends all the way to the dorsal midline, showing that dpp normally represses msh in the dorsal -30% of the circumference (Fig. 7C ). This was confirmed by the analysis of mutants with elevated activities of dpp. In embryos that have an extra dose of dpp and at the same time lack the function of short gastrulation (sag), an inhibitor of dpp function, the msh domains are strongly reduced and shifted ventrally (Fig. 7D; Ferguson and Anderson, 1992b) . In sag-embryos with four copies of dpp, there is a complete repression of msh (data not shown). Thus, the early msh domains in the lateral neuroectoderm are delimited through dorsal repression by dpp and ventral repression by the active Drosophila EGF receptor (DER) (Fig. 7E ).
Ectodermal ana' mesodermal msh expression depend on wingless and hedgehog
The intricate pattern of expression in segmentally arranged clusters during stages 10 and 11, both in the ectoderm and in the mesoderm, must require a finely tuned combination of inputs from dorsoventral and anterioposterior regulators. As shown in Fig. 8A , the ventral and dorsal clusters are positioned in the anterior compartments of each segment, whereas the intermediate clusters are largely confined to the posterior compartments of wild type embryos. This pattern of expression is altered in embryos mutant for segment polarity genes (for reviews, see Kornberg and Tabata, 1993; Lawrence and Sampedro, 1993; DiNardo et al., 1994) . Mutation of hedgehog (hh) largely affects the intermediate column of msh clusters. In hh mutant embryos, ectodermal msh expression is absent at these positions, and the mesodermal expression in fat body precursors is strongly reduced (Fig. 8B ). In contrast, in mutants for wingless (wg), the intermediate clusters of msh are normal, whereas the dorsal clusters are com- 3E ). (E) Stage 11 embryo that was additionally stained for Even-skipped (brown signals) to visualize pericardial progenitors. msh is expressed in ectodermal and in mesodermal cell clusters. fb, fat body progenitors; le, lateral ectodermal cells; nb, neuroblasts; pc, pericardial cell progenitors; sm, somatic dorsal muscle progenitors. (F) Stage 12 embryo, stained for m~h and Even-skipped as in (E). There is continued msh expression in the developing fat body, somatic muscles, neuronal cells and epidermal cells (n, neurons; other abbreviations as in (E)). (G) Lateral, high magnification view and (H), cross section of stage 13 embryo. both stained for msh (purple) and 22CIO (brown; Fujita et al., 1982) . msh is expressed in epidermal cells that cover the chordotonal organs (arrowheads) and probably in some of the chordotonal cells as well. sm. dorsal somatic muscle.
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5 6 pletely absent, both from ectoderm and the mesoderm (Fig. 8C) . As a consequence, later stage embryos lack msh expression both in dorsal muscles and around the chordotonal organs ( Fig. 8D ; compare with Fig. 3G ). Thus, it appears that both wg and hh, which encode secreted molecules (Gonzalez et al., 1991; Lee et al., 1992; Hooper, 1994) , affect mostly the msh clusters that are close to their stripes of expression, both in the ectoderm and in the underlying mesoderm.
msh is expressed in discrete areas of imaginal discs
We further examined whether, in imaginal discs, msh is expressed in areas that form proneural clusters of sensory organs, as was observed in embryos. Because sensory organ development has been most thoroughly characterized in the developing wings, we focused on msh expression in the wing discs (Bryant, 1975; Huang et al., 1991; Campuzano and Modolell, 1992; . As shown in Fig. 9 , msh is expressed in a highly restricted pattern in the wing disc, which persists throughout late larval development. Highest levels of expression are observed in three patches of cells in the prospective dorsal hinge region of the wing, including two in the anterior and one in the posterior compartment. Double staining with ac antibodies shows that two of these m&-patches include proneural clusters, one in the prospective humeral cross vein (SdHCV), and the other in the posterior hinge region (pHR; Fig. 9A,B) . The third patch with high levels of msh transcripts is located in an area between proneural clusters that is fated to develop into structural, rather than sensory, derivatives of the dorsal/anterior hinge region (Fig. 9A,B, arrowhead) .
Lower levels of msh expression are observed in two other regions that include ac-stained cells. In the ventral half of the disc, msh expression encompasses proneural clusters of the ventral hinge region (vHR; Fig. 9B ). Notably, at the prospective wing margin msh is expressed in a row of cells that will develop into sensilla of the anterior wing margin (Fig. 9B-D) . Expression is largely confined to the proximal -213 of the dorsal row of ac-expressing cells (Fig. 9D) . As was observed in embryos, msh expression precedes the formation of ac-stained, proneural clusters in the wing disc (Fig. 9C ,D, and unpublished data) and, except for the wing margin, is expressed in broader areas than the proneural genes.
3. Discussion
msh in neurogenesis and the DVpatterning of the neuroectoderm
The most detailed analysis of the spatial control of proneural cluster formation has been performed with respect to the earliest stage of neurogenesis. The appearance of two longitudinal columns of proneural clusters, one in the medial and the other in the lateral portion of the neuroectoderm, was shown to be under the control of segmentation and dorsoventral genes along the AP and DV axes, respectively (Martin-Bermudo et al., 1991; Rao et al., 1991; Skeath et al., 1992) . The pair-rule genes appear to directly regulate the expression of individual AS-C genes in transverse rows with defined intrasegmental registrations, and segment polarity genes are further required to maintain this pattern. Zygotic genes that set up the dorsoventral embryo axis, in particular dpp, twist, and snail, were proposed to also act as direct regulators of AS-C genes and control their domains along the DV axis (Skeath et al., 1992) . Our data suggest a more indirect mechanism for the DV regulation of AS-C and E(sp1) genes. We propose that genes of the DV class act by controlling intermediate genes, such as msh, that are activated in subdomains of the neuroectoderm, and in turn are required to regulate proneural gene expression. Recent reports on the homeobox gene vndlNK2 provide a strikingly similar picture of the dorsoventral control of proneural cluster formation Mellerick and Nirenberg, 1995) . Like msh, vnd is expressed in longitudinal bands on either side of the ventral midline. However, the msh bands of expression are located in the lateral neuroectoderm and cover the lateral columns of proneural clusters, while the vnd bands are in the ventral neuroectoderm, which is the area where the medial column of proneural clusters will form. Genetic data have shown that vnd is required for ac and E(spl) expression in the medial columns and, consequently, formation of medial SI neuroblasts in vnd mutant embryos is disrupted (Kramatschek and Campos-Ortega, 1994; . It is conceivable that msh may have an analogous role in controlling proneural and E(spl) gene expression in the lateral columns, which is not affected in vnd .mutants. The formation of a particular proneural cluster in the SI phase would therefore be defined by combinatorial activities at the intersections of the transverse stripes of pair-rule genes and the longitudinal bands of msh and vnd in lateral and medial positions, respectively. The incomplete loss of l'sc expression in the medial column of vnh embryos suggests the existence of additional regulators that may be co-expressed with vnd. Analogous co-factors may also exist in the msh domains, and mutation of msh may result in a reduction, but not a complete ablation of the lateral column of SI neuroblasts.
Our observations, together with the data on vnd, provide a clear picture of the spatial subdivision of the neuroectoderm along the dorsoventral embryo axis, which largely appears to involve transcriptional repression. The vnd domains are defined through repression by snail and single minded at their ventral margins, and through repression by dpp at their dorsal margins (Mellerick and . msh is expressed in the fat body (tb) and CNS, but not in dorsal somatic muscles and the lateral ectoderm (compare with Fig. 3G ). The fat body expression appears expanded. Whereas stage 12 wild type embryos show a segmental arrangement of fat body precursors, the enlargement of fat body primordia in wg mutant embryos results in a more continuous msh expression along the anterior-posterior axis, Nirenberg, 1995) . msh expression is repressed ventrally by fib (active DER) and dorsally by dpp also, although its repression requires higher activities of the dpp morphogen than that of vnd. The combined activities of dpp and fib (repression of vnd dorsally and of msh ventrally) would yield a gap in between the medial and the lateral columns of proneural clusters. Previously reported alterations of AS-C domains and neuroblast patterns in dorsoventral mutants are fully compatible with such a model (Rao et al., 1991; Skeatb et al., 1994; Francois et al., 1995) . Whereas the maternal morphogen Dorsal appears to act as an activator for vnd in the ventral half of the embryo (Mellerick and Nirenberg, 1995) , msh may be turned on by general activators and be repressed by Dorsal in the ventral portion of the embryo, similar to what has been reported for the zen gene . This could account for the graded distribution of the ventrally expanded msh transcripts in jib-embryos (Fig. 7B) . The differential regulation of msh and vnd by the Dorsal morphogen would result in two roughly complementary domains of the two genes that are further refined by the repressory activities of the zygotic DV genes. Sinceflb is expressed ubiquitously in the early embryo and we did not detect an expansion of msh expression in rho mutants (M.F., unpublished results), the source of the ventral signal in zygotic msh repression is presently unknown.
During and after delamination of the lateral column of neuroblasts, msh expression is extinguished in the uncommitted cells of the proneural clusters, but persists in one out of four neuroblasts per hemisegment.
This restriction is analogous to the behavior of proneural genes during neuroblast segregation. It is therefore possible that msh functions in cell fate specification in a subset of neuroblasts, in addition to its proposed earlier role in patterning of proneural clusters. A similar dual role was previously identified for vnd by genetic analysis . The extinction of msh expression appears to be a result of lateral inhibition processes and involves repression by E(sp1) products, as has been described for the proneural genes encoding bHLH products. The pair-rule gene hairy, which encodes a bHLH domain closely related to those of the E(sp1) products (Kliimbt et al., 1989; Rushlow et al., 1989; Delidakis and Artavanis-Tsakonas, 1992) , may fortuitously repress msh in late blastoderm through E(sp1) target sites and cause a transient pattern of transverse stripes (Figs. 3A and 5A ,B, and unpublished results).
Between stage 10 and 12, msh is re-expressed in defined patches of ectodermal cells, each of which appears to include proneural clusters for several segregating neuroblasts of the CNS and PNS. Therefore, msh may act together with other genes in a combinatorial manner to determine the precise locations of individual preclusters during these stages. Since the pair-rule genes are no longer expressed during this period, msh may fulfill this function in combination with segment polarity genes.
However, we found that at least two of the segment polarity genes, wg and hh, are acting upstream of msh at this stage and are required for the activation of msh expression at defined intrasegmental and dorsoventral positions within the ectoderm.
msh expression in the anlage of the SNS is a further example for a possible function of msh in patterning of neurogenic areas of the embryo. Like in the anlagen of the CNS and PNS, msh expression initiates earlier than that of AC in the SNS anlage (unpublished data). Our observation that msh expression is confined to the posterior 2/3 of the SNS anlage indicates that the anlage is already patterned prior to the onset of the lateral inhibition process. Moreover, we show that wingless is required to regulate the transcription of msh in this area where the two posterior invagination centers will form. Thus, the model by Gonzalez-Gaitbn and Jackie (1995) proposing a patterning mechanism of the SNS anlage which only involves lateral inhibition processes is likely to require modifications.
Potential roles of msh in the mesoderm
There is now clear evidence that early myogenesis and early neurogenesis utilize analogous processes of lateral inhibition to single out muscle or neuronal progenitors from preclusters of largely equivalent cells. Both events involve the function of the neurogenic genes and share the expression of one of the known proneural genes, l'sc (Corbin et al., 1991; Bate et al., 1993; Jan and Jan, 1993b; Carmena et al., 1995) . msh may be another example of a gene shared by both processes. The expression of msh in dorsal portions of the somatic mesoderm is likely to overlap with that of l'sc at these positions. It is presently not known whether only one, or several, of the reported l'sc expressing mesodermal preclusters (e.g. 2, 14, 15, or 16; see Carmena et al., 1995) are included in the dorsal mesodermal patches of msh. The onset of msh expression in the somatic mesoderm occurs at a similar stage as that described for 1's~. It is therefore conceivable that, in the mesoderm, msh may be involved in proneural gene activation and/or the segregation of muscle founder cells from mesodermal preclusters. This proposed function would be compatible with the observed disruptions of muscle patterns upon ectopic msh expression in the mesoderm (Lord et al., 1995) . msh may provide a link between primary patterning genes and the activation of genes analogous to the proneural genes, including l'sc, in individual mesodermal preclusters. These primary patterning genes may include the mesodermally expressed homeobox gene tinman (Azpiazu and Frasch, 1993; Bodmer, 1993) and the segment polarity gene wingless, which are both required for msh expression in the somatic mesoderm. wingless is expressed in the same intrasegmental register as dorsal mesodermal msh, but primarily in the ectoderm. eve-expressing heart precursors are lo- cated in the same registration as well, and their formation also requires wingless function (Lawrence et al., 1995; Wu et al., 1995) . Thus, wingless appears to regulate the development of at least two different mesodermal cell populations, i.e. muscle precursors and heart precursors, that are located below each of the wingless stripes (see also Baylies et al., 1995) . Additional inputs are required to activate msh expression in the somatic mesoderm at defined dorsal positions only. These inputs appear to come from the secreted molecule Dpp and are mediated through the mesodermal patterning gene tinman. The msh clusters of the somatic mesoderm are included in the dorsal expression domains of tinman and are missing in tinman mutant embryos (M.F., unpublished data). Thus, msh expression in the dorsal somatic mesoderm requires a combination of tinman (which itself depends on Dpp; Frasch, 1995) and of the secreted molecule Wingless.
Evolutionarily conserved circuitries in the establishment and patterning of insect and vertebrate neuroectoderm
The combined results from our studies of msh and those of the vndlNK2, AS-C, and neurogenic genes and their homologs reveal striking similarities of neural patterning between Drosophila and vertebrates. Notably, the vertebrate homologs of msh and vndlNK2 are expressed in the neural plate, or tube, in topologically similar positions as are msh and vndlNK2 in the Drosophila neuroectoderm ( Fig. 10) (Hill et al., 1989; Robert et al., 1989; Takahashi and Le Douarin, 1990; Su et al., 1991; Yokouchi et al., 1991; Price et al., 1992; Saha et al., 1993; Barth and Wilson, 1995; Wang et al., 1996) . In the Xenopus embryo, primary neurogenesis occurs in a lateral, an intermediate, and a medial domain on either side of the midline of the neural plate (Chitnis et al., 1995) and, analogous to the situation in Drosophila, the lateral and medial domains may correspond to the domains of Msx and XeNK-2 expression, respectively. Moreover, vertebrate homologs of the AS-C genes (called ash genes) are expressed in similar lateral, intermediate, and medial domains and regulate neurogenesis (Lo et al., 1991; Ferreiro et al., 1992; Guillemot et al., 1993; Allende and Weinberg, 1994; Ferreiro et al., 1994; Jasoni et al., 1994) . Thus, it is conceivable that, similar to Drosophila, the ash genes are downstream of the Msx and Nkx2 homeobox genes. There is strong evidence that lateral inhibition processes involving the neurogenic gene products Delta and Notch result in the generation of primary neurons from these domains (Chitnis et al., 1995) . This again is analogous to the processes of neuroblast segregation from the lateral and medial columns of Drosophila AS-C expression. More detailed studies of the temporal and spatial relationships between these molecules in vertebrate neurogenesis, as well as functional and genetic approaches (Satokata and Maas, 1994) , will reveal to what extent these similarities hold true. A potential difference between the neural patterning mechanisms is the determination of the ventral borders of msh/Msxl expression which, in Drosophila, involves ventral repression through the EGF pathway, whereas in the chick, it involves negative regulation by sonic hedgehog (Liem et al., 1995) .
This unified view of neurogenesis in Drosophila and in vertebrates illustrates how neuroectodermal patterning and neuronal determination might be intimately related processes. Mechanisms of the early events linking dorsoventral axis formation and neurogenesis appear also to be conserved between insects and vertebrates. In Drosophila, the morphogen Dpp inhibits neurogenesis in the dorsal ectoderm which seems, at least partially, to be due to the repression of msh and vnd in these positions (Fig.  7) (Skeath et al., 1992; Mellerick and Nirenberg, 1995) . Sog, an inhibitor of Dpp, counteracts this effect, thus allowing msh expression and neurogenesis to occur in the ventrolateral ectoderm ( Fig. 7) (Francois et al., 1994; Holley et al., 1995) . Recent studies in Xenopus demonstrate that the Dpp homologs BMP-4/7 similarly inhibit neurogenesis in the lateral ectoderm, whereas the Sog Fig. 9 . msh expression in wing discs. (A,B) Two different focal planes of a disc several hours before pupariation, stained for my/r (purple) and Achaete (brown). The highest levels of msh expression are observed in the prospective dorsal/anterior hinge region (arrowhead). (C) Disc at -0.5 days before pupariation and (D), disc at same stage as in (A.9). Shown are the wing pouch areas, stained for msh (purple) and Achaete (brown). mrh expression precedes AC expression in the prospective wing margin. Arrows in (D) indicate the extent of strong msh expression in the prospective dorsal wing margin. Abbreviations: dHR, dorsal hinge region; dWM, dorsal wing margin; MP, mesopleura; NT, notum; pHR, posterior hinge region; SdHCV, sensilla of the dorsal humeral cross vein; SdR, sensilla of the dorsal radius; STG, sensilla of the tegula; SWM, sensilla of the wing margin; vHR, ventral hinge region; vWM, ventral wing margin. Fig. 10 . Early neurogenesis in the Drosophila and vertebrate embryo. The schematic shows the similarities of gene activities and expression patterns between the Drosophih neurogenic ectoderm (A) and the vertebrate neural plate, or tube (B). Neurogenic epithelia are shown thickened and nonneurogenic ectoderm appears as thin sheets. in both systems, neuroblasts segregate towards the basal side of the neuroepithelium (as shown in (A), arrows). Msxl. Msx2, and Msx3 are expressed in the lateral-most portions of the neural plate (i.e. in the dorsal neural tube) and the lateral borders of their expression domains define the borders between the neurogenic region and the adjacent ectoderm, as is the case for Drosophilu msh. Conversely, Nkx2. II7TF and Nkx2.2 are expressed in overlapping domains in the medial portion of the neural plate (i.e. in the ventral neural tube on either side of the prospective floor plate), which is very similar to the expression domains of their homolog vndlNK2 in the Drosophila neuroectoderm.
The extended domains of Msx3 and the domains of Nkx-2.1 are shown stippled, while the domains of Msxl, Msx2 and Nkx-2.2 are shown in solid colors (B). Although, particularly in mammahans, some of the genes shown are only expressed upon neural tube closure, the neural tube is depicted opened up to allow better comparison with the situation in Drosophila. Inhibitory activities are shown in red. Noggin may function to inhibit BMP activities in addition to chordin, and additional dpp inhibitors may also exist in the neurogenic ectoderm of Drosophila. fp, floor plate; me, mesectoderm.
homolog chordin allows neurogenesis in the area of the prospective neural plate, presumably by counteracting the inhibitory effect of the BMPs (Hawley et al., 1995; Holley et al., 1995; Sasai et al., 1995; Wilson and HemmatiBrivanlou, 1995) . It will be interesting to test whether the BMPs exert this effect in part through the repression of the Msx and Nkx2 genes in more lateral areas of the ectoderm. (Note, however, that sustained Msx expression in the neuroectoderm may require activation by BMPs; Liem et al., 1995.) Together, these observations provide further support for the notion that the dorsoventral axes of insect and vertebrate embryos were inverted during evolution of their ancestors (Arendt and Ntibler-Jung, 1994; DeRobertis and Sasai, 1996) .
Materials and methods

I. Isolation and sequencing of msh
Primers with the sequences GTGCAACCTGCGGAA GCAC and CGCCGCCATCTTGATC'ITC were synthesized, according to the published partial msh sequence (Robert et al., 1989) , and used to amplify a -240 bp fragment in a standard PCR reaction with Taq polymerase and genomic Drosophila DNA as a template. The fragment, which contains the homeobox, was used as a probe to isolate cDNAs from an 8-12 h cDNA library (Brown and Kafatos, 1988) . The sequence of the longest cDNA (no. 4) was determined by double stranded sequencing of both strands using the Sequenase kit (USB) and the TaqDyeDeoxy Terminator Cycle Sequencing kit and an automated 373 DNA Sequencer (Applied Biosysterns).
Northern analysis, in situ hybridization, and antibody staining
Northern analysis was done as described in Dohrmann et al. (1990) , using the whole cDNA insert as a probe. In situ hybridizations, antibody stainings, and double stainings for mRNAs and proteins were performed as described in Azpiazu and Frasch (1993) . Araldite sections of stained embryos were done as described in Leptin and Grunewald (1990) using Araldite 502/PolyBed resin (Polysciences) as an embedding medium. Antibodies used include: anti-Achaete monoclonal antibody '986' (1: l), kindly provided by Julie Gates and Sean Carroll; antiEngrailed/Invected monoclonal antibody (1:5), kindly provided by Chris Doe; rabbit anti-Eve (1:4000) ; rat anti-Hairy antibody (1:350), kindly provided by Ken Howard; and 22ClO monoclonal antibody (1: lo), kindly provided by the Benzer laboratory. Mutant embryos were identified through the altered expression patterns of msh, which affected -25% of the embryos from heterozygous parents. wg mutants were additionally identified through their reduced en expression, and hh mutants by using a lacZ-expressing TM3 balancer chromosome.
Drosophila strains
The following alleles and strains were used to analyze alterations of msh expression: dppHe; E(spl)a*; fZbIK35; sogYS06/FM7;dppH46/Cy023 (Wharton et al., 1993);  wgcx4; hh' 3C29
